New grain evolution taking place during superplasticity was studied by means of tensile tests as well as metallographic observation for a unrecrystallized coarse-grained 7075 aluminum alloy. Grain boundary sliding (GBS) frequently takes place even on the layered high angle boundaries (HABs) parallel to the tensile axis and brings about rotation of subgrains near the HABs and subsequently in grain interiors. The misorientations of (sub)grain boundaries evolved in the pancaked grains increase accompanied by a randomization of the initial texture, followed by development of new grains with HABs. This indicates that unrecrystallized and pancaked grain structure developed by cold rolling is an important prerequisite not only for the appearance of superplasticity, but also for the dynamic evolution of new fine grains. It is concluded that the mechanism of new grain evolution can be a deformation-induced continuous reaction, that is continuous dynamic recrystallization (CDRX). A model for CDRX is discussed in detail comparing with previous several models.
Introduction
Some pseudo-single aluminum alloys exhibit high superplasticity when they are processed into a fine-grained structure below 10 µm either by static or dynamic recrystallization through appropriate thermo-mechanical treatments. 1, 2) Under dynamic condition, fine recrystallized grain structures can be developed in as-cold or warm-worked materials by continuous reaction during early stages of hot deformation. After the works of Watts et al., 3) the fine-grained structures dynamically evolved in unrecrystallized aluminum alloys has been studied and this process is often termed as continuous dynamic recrystallization (CDRX). [1] [2] [3] [4] [5] [6] [7] Several mechanisms operating during CDRX have been proposed for dynamic formation of high angle boundaries (HABs), e.g. long-range migration of subboundary or subgrain growth, 4, 5) pile-up and absorption of dislocations into subboundaries 6) and subgrain rotation 7) etc. It is still unclear, however, how low angle subgrain boundaries evolved in grain interiors transform to high angle ones under hot deformation.
The authors [7] [8] [9] [10] [11] [12] have studied superplasticity taking place in a cold-rolled 7075 aluminum alloy which was previously warm-deformed just before hot deformation. The results showed that the microstructures evolved under warmdeformation to over a critical strain can not be recrystallized for a long period of time (e.g. 10 4 -10 6 s) at high temperatures, 8) but leading to the appearance of fine grained structure and superplasticity during hot deformation. 9) The strain rate dependence of flow stresses at low strains is clearly changed in the three regions of strain rate, although the layered coarse-grained structure introduced by cold rolling existed stably. 9, 10) This suggests that grain boundary sliding can take place even on the layered prior HABs parallel to the tensile axis. [10] [11] [12] The structural mechanisms of fine grain evolution during deformation, however, has been still unclear. One of the reasons may be in the pervious microstructural observation carried out mainly on the rolling plane.
The aim of the present work is to study the evolution processes of fine grained structure taking place in a unrecrystallized 7075 aluminum (Al) alloy and the character distribution of these new grain boundaries evolved during hot deformation. The present work is especially concerned with the microstructural evolution taking place in the longitudinal-short transverse section of a specimen. The microstructures that are evolved under deformation were observed in-situ using a scanning electron microscope (SEM) equipped with a heating and tensile stage. The SEM was incorporating an orientation imaging microscopy (OIM) technique obtained from electron back scattering diffraction (EBSD) patterns. The mechanisms of microstructural development and its relationship with superplasticity are discussed in detail.
Experimental Procedure
The material tested was a commercially produced 7075 Al alloy with the following chemical composition; Zn 5.62, Mg 2.63, Cu 1.58, Cr 0.2, Fe 0.16, Si 0.07, Ti 0.02, Mn 0.05 and balance Al (all in mass%). The as-received 3 mm thickness plates of the 7075 Al alloy were machined to 2 to 1.33 mm and then homogenized at 763 K for 10.8 ks in a molten salt bath, followed by quenching in water. The average grain size was about 17 µm. These plates were cold rolled to 1 mm thickness, leading to three kinds of reduction, i.e. 25%, 50% and 67%. The specimens with a gauge section of 12 mm length and 5 mm width were machined parallel to the rolling direction.
Tensile tests were conducted in vacuum at temperatures higher than 773 K using an Instron-type testing machine, which was equipped with a hydrogen gas quenching apparatus. 8, 9) The specimens were deformed first to a strain of 40% at 623 K and at 4 × 10 −3 s −1 because cold-rolled microstructures were stabilized by η-phase precipitates. 8) They were re- Fig. 1 A series of typical true stress vs. nominal strain curves at 773 K and at various strain rates for 7075 Al alloy with pancaked grains developed by cold rolling. The samples were pre-deformed to a strain of 40% at 623 K and 4 × 10 −3 s −1 just before hot deformation.
heated and kept for 1 ks at 773 K or 798 K and then deformed in tension at various initial strain rates from 2.9 × 10
to 2.1 × 10 −1 s −1 . They specimens were quenched by H 2 gas immediately after hot deformation, which quenched in hot deformed microstructures and stopped precipitation taking place during cooling. The deformed microstructures were examined mainly on the longitudinal section (L-ST) of deformed specimens by using scanning electron microscopy (SEM). The measurement of new grain orientation and its boundary misorientation were performed by using EBSD technique. Some marker lines were scratched by using diamond paste on the specimen surfaces parallel to the L-ST plane. The morphology of grain structures and grain boundary sliding as well as the development of fine grains with their crystal orientations were observed by SEM/OIM.
Experimental Results

Hot deformation behavior
A series of true stress-nominal strain (σ −ε) curves at 773 K is shown in Fig. 1 . Flow stresses as well as the shape of σ − ε curves are sensitively dependent on strain rate. The σ − ε curves exhibit a sharp stress peak just after yielding, followed initially by a flow softening, a stress dip and then a flow hardening at high strains. The stress drop during flow softening decreases with decreasing strain rate, while a flow hardening followed by a little softening appears at the lowest strain rate.
Strain rate dependence of the peak flow stress (σ p ) appearing just after yielding is represented in Fig. 2 . It is evident that the strain rate dependence of σ p changes clearly in the three regions of strain rate,ε; i.e. the region I (lowerε), II (mediumε) and III (higherε). The elongation to fracture are beyond 300% at 773 K except the highest strain rate and was over 750% at 793 K in the region II.
9) It is considered, therefore, that typical superplasticity takes place in the region II accompanied with a maximum total elongation and the stress exponent of about 1.7 in Fig. 2 . Figure 3 shows an effect of the reduction of cold rolling on the σ − ε curves at 798 K and at 2.9 × 10 −3 s −1 . It can be seen here that the flow behavior is sensitively affected by rolling reduction, i.e. the total elongation increases and conversely the peak flow stress decreases with increase in the rolling reduction. It was shown in the previous work 12) that increase in the reduction results in decrease in the grain size in the ST direction (i.e. the thickness direction) (D ST ). Figure 3 suggests, therefore, that decrease in the grain size can accelerate appearance of superplastic flow behaviors.
Microstructural changes during deformation
Microstructural changes and new grain boundary evolution taking place in the early stage of hot deformation were observed by SEM/OIM. Typical OIM micrographs for the samples, just before deformation (ε = 0) and deformed to 160% at 798 K and at 2.9 × 10 −3 s −1 , are represented in Fig. 4 . Different color levels indicate different crystallographic orientations. Here high-angle boundaries with misorientations more than 15
• are delineated by thick-black lines, while lowangle boundaries in the range of 4
• and 15
• by thin-black lines and those in the range 2
• -4
• by red lines. It can be seen in Figs. 4(a) and (c) that deformation bands with moderate angle boundaries as well as recovered subgrains are developed in coarse grain interiors in the L-LT plane (i.e. the rolling plane), while high density layered grains appear roughly parallel to the tensile axis in the L-ST plane (i.e. the side surface). All of these high angle boundaries (HABs) is considered to be the original ones existed just before hot deformation. 10, 12) Figures 4(a) and (c) also shows that low angle boundaries (LABs) below 4
• as will as medium angle ones from 4
• to 15
• are frequently developed in these pancaked grain interiors. The medium angle boundaries may be resulted from deformation bands developed by prior-cold rolling. 9) After straining to 160%, such layered grain structures are fully destroyed and replaced by an almost equiaxed, uniform fine-grained structure with HABs, as can be seen in Figs. 4(b) and (d). The new grains evolved have a few LABs and also are randomly distributed. Figure 5 shows the inverse pole figures for the specimen deformed to several strains at 798 K and at 2.9 × 10 −3 s −1 . The initial structure is oriented roughly on the line from 001 to 111 which was developed by cold rolling. 13) With increasing strain, this texture is progressively destroyed and finally replaced to a very diffused and nearly random one at a strain of 160%. These results in Figs. 4 and 5 suggest that the dynamic evolution of new fine grains can result from (sub)grain rotation taking place frequently in the early stage of hot deformation, leading to a rapid increase in misorientation.
The distribution of the misorientations above 2
• for (sub)grain and dislocation boundaries developed in the whole area is shown at strains of 0, 40 and 160% in Figs. 6(a), (b), and (c), respectively. For reference, the Mackenzie distribution 14) for randomly oriented cubes are also shown in dashed line in Fig. 6 . In the initial microstructure just before hot deformation (i.e. ε = 0), the distribution shows a bimodal shape, where the peaks are at below 5
• and at around 40
• . The former corresponds to subgrain boundaries evolved during reheating and the latter to the original layered HABs. The volume fraction of LABs decreases with increasing deformation, while that of HABs increases. At a strain of 160%, the misorientation distribution shows a single peak type and approaches to the Mackenzie distribution. The average value (θ av ) of 35.3
• is, however, rather smaller than that for the Mackenzie distribution, i.e. 41.2
• , 14) because the frequency of low misorientations below 5
• is still high. This should be a characteristic of the grain structure dynamically evolved, because LABs are always introduced during hot deformation. Figure 7 shows a series of SEM micrographs for the exactly same place in a longitudinal section of the same sample deformed to various strains at 798 K and at 2.9 × 10 −3 s −1 . It can be seen in Fig. 7 (a) that layered grain boundaries appear clearly in the initial mirror-like surface even after deformation to 10%. The grain boundary appearance itself suggests that grain boundary sliding (GBS) took place on the HABs of such layered grains, although they are roughly parallel to the tensile axis. It is interesting to note that various portions of such layered grain boundaries fluctuate and are frequently serrated, and then parts of them are not parallel to the tensile direction (see also Fig. 10 ). With increasing strain, pancaked grains are subdivided and fine grains are evolved locally in several places at ε = 40% and in the almost whole area at ε = 80%. It was difficult to carry out more detailed observation of these SEM micrographs because the specimen surface was more corrugated and also contaminated by further deformation. Figure 8 shows a series of OIM micrographs for the same place of the same specimen as in Fig. 7 . OIM scanning was performed in a area of 68 µm × 46 µm with a step size of 0.38 µm in a hexagonal grid. The colors and lines indicate the same meaning as in Fig. 4 . The initial layered pancaked grains with many LABs (Fig. 8(a) ) are subdivided by new HABs and fine grains are inhomogeneously evolved at several grain interiors at ε = 40%. With increasing strain, new grains are produced in colony and the number increases. These fine grains are rapidly developed after deformation to strains above 80%, leading to almost full development of a new grain structure at strains higher than around 160% (Fig. 4) .
In-situ observation by SEM/OIM
The point-to-point misorientation (θ ), namely a relative difference of crystal orientation between two adjacent scan points (0.38 µm), were measured along the line marked as A-B in a same pancaked grain interior in Fig. 8(a) . Figure 9 shows changes in misorientation angles measured in the exactly same position marked as A-B in Fig. 8 with various stages of hot deformation. It can be seen in Fig. 9 (a) that subgrain boundaries with a few degrees of the misorientation are developed in the pancaked grain interior at ε = 0. With increasing strain, a few HABs are evolved near the grain corners and misorientations beyond 10
• are also formed at several places in the grain interior ( Fig. 9(b) ). It can be seen in Fig. 9 (c) that, with further straining to 80%, HABs with misorientations ranging from 20
• to beyond 40
• are homogeneously developed in the same position in the pancked grain in Fig. 8(a) . This indicates that LABs developed in Fig. 9 (a) are almost fully changed to HABs in Fig. 9 (c) by straining to 80%, although Fig. 9 is one of the typical results obtained.
Discussion
Superplasticity and grain boundary sliding
It is shown in the present experimental results described above that the peak flow stress (σ p ) for an unrecrystallized coarse-grained 7075 Al alloy shows different strain rate dependence in the three regions of strain rate and a maximum elongation as well as the stress exponent of around 1.7 appears in the region II (Fig. 2) . All of these results is similar to the characteristics of typical superplasticity for fine grained materials. 1, 2) It is considered, therefore, that hot deformation of the present 7075 Al alloy can be controlled mainly by grain boundary sliding (GBS) and so approximated by the following usual equation applicable for the superplasticity.
where K 1 , p, n and Q are experimental constants and the others have usual physical meanings. If the σ p can be controlled by the grain size in the ST direction (D ST ), as discussed in detail in elsewhere, 12) the grain size exponent ( p) obtained from the result in Fig. 3 is about 2.5. This value is almost similar to the reported values, i.e. p = 2 to 3. 1, 2) The apparent activation energy for hot deformation (Q) is obtained as about 138 kJ/mol from the results in Fig. 2 . This value is roughly the same as that for self diffusion of aluminum. 15) A SEM micrograph in the L-ST section of a specimen strained to 40% at 798 K and at 2.9 × 10 −3 s −1 is shown in Fig. 10 . It can be seen in Fig. 10 that scratched marker lines slip off across serrated layered HABs and also some of them are rotated especially in finer grains. Some portions of the ser- rated HABs are locally inclined to the tensile axis, although they are generally parallel to the latter (see also Figs. 7 and 8).
It is easily understandable that GBS may locally take place at such serrated regions of rugged HABs. 11, 12, 16) The rotation angle (θ rot ) of such marker lines scratched perpendicular to the tensile axis were measured by using some SEM micrographs as in Fig. 10 . Changes in the rotation angle with deformation are shown in Fig. 11 . The average value of θ rot and the scattering starts to increases rapidly just af- .
T = 798K
10 Fig. 9 Misorientation distributions of (sub)grain and dislocation boundaries developed in a pancaked grain interior measured along the line marked as A-B indicated in Fig. 8 . The samples were deformed to various strains at 798 K and at 2.9 × 10 −3 s −1 .
ter the peak strain (ε p ∼ = 5%) and approaches to a saturated value, although the scattering becomes large. It is concluded that GBS followed by grain rotation takes place frequently in layered HABs during hot deformation, and can accelerate dynamic development of new fine grains in pancaked grain structures. It is found from the results mentioned above that GBS can play an important role not only on the appearance of superplasticity, but also on the dynamic evolution of new fine grains, that will be discussed in detail later. Such phenomena appearing during superplastic deformation have been termed as continuous dynamic recrystallization (CDRX).
1-7)
CDRX is different from conventional, i.e. discontinuous, DRX (DDRX) which is composed of the two stages, i.e. nucleation and growth of new grains. 17) The details and the mechanisms of CDRX have not been, however, fully unresolved. This will be discussed in detail in the following section.
Continuous dynamic recrystallization (CDRX)
From the present experimental results and the argument described above, the process of new grain evolution occurring in an unrecrystallized pancaked grain structure can be shown schematically in Fig. 12 . The layered grain boundaries developed by prior cold-rolling are serrated by a progress of static recovery during reheating to high temperatures. [10] [11] [12] First, at an early stage of hot deformation, GBS takes place at several local places such as triple junctions and serrated layered HABs, leading to the rotation of subgrains just beside these HABs. The subgrain rotation should bring about increase in the misorentation angles between subgrains beside the HABs. Then, GBS can operate even on these (sub)grain boundaries, leading to the further rotation of neighboring subgrains and then the evolution of new grain boundaries with medium to high anlge misorientations. Such a process can repeatedly operate in all area of the layered structure, finally followed by a full evolution of new grains with HABs. It is concluded, therefore, that this is a kind of deformation-induced continuous reaction, that is continuous DRX (CDRX). The present model for dynamic evolution of new grains is strongly supported by the several recent works. 11, 12, [18] [19] [20] They clarified the possible operation of GBS along the original HABs which can promote the subgrain rotation and the randomization of the initial strong texture accompanied by hot deformation. In the previous studies on CDRX taking place during hot deformation of Al alloys, most of the tested materials had unrecrystallized and pan-caked layered grain structures developed by prior cold-or warmworking. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] It may be concluded, generally that fine grain evolution due to CDRX in unrecrystallized Al alloys can be explained by the present model shown in Fig. 12 .
Previous models proposed for CDRX during superplastic deformation explain how recovered subgrains developed in grain interiors can transform in-situ to new grains with HABs. These models are briefly described as follows; Bricknell and Edington 21) explained that new grains with HABs are evolved by subgrain boundary dissociation and coalescence in grain interiors. Nes 4, 22) proposed that HABs could be developed by the growth of subgrains in a sufficient distance if the misorientation angles can accumulate linearly with their migration distance. Several other models for CDRX have been proposed and discussed, e.g. dislocations produced under deformation can be absorbed into subboundaries, resulting in an increase in their misorientations, 23, 24) and subgrain boundary sliding may cause their rotation, 6) although it takes hardly in LABs. These models must assume that new grain evolution takes place homogeneously in all grain interiors. All of these models for CDRX can explain how subgrains with LABs developed can transform in-situ to new grains with HABs under hot deformation, and so must assume that such phenomena take place homogeneously in the whole matrices. In contrast, the present model shown in Fig. 12 suggests that GBS starts to take place inhomogeneously at serrated HABs or severely declined ones against the tensile axis which are developed by prior-cold or warm working followed by reheating. GBS takes place locally along some portions of such layered HABs and subsequently in grain interiors under hot deformation, as discussed above. It is concluded, therefore, that the evolution of new fine grains due to CDRX can result from the operation of GBS initially at some local places such as the triple point junctions and the portions of serrated HABs, leading to the rotation of subgrains in these regions. With further deformation, GBS should be able to operate on these new HABs evolved near original grain boundaries, finally followed by full development of new grains in original grain interiors by subsequent GBS and grain rotation. It is concluded, therefore, that pancaked grain structures introduced by cold rolling is an important prerequisition not only for the appearance of superplasticity, but also for the dynamic evolution of new fine grains.
It is recently reported 16, 25, 26) that new fine-grains are developed by grain subdivision due to development of deformation bands under large strain deformation even at low to intermediate temperature (T < 0.5T m , where T m is the melting point). The number and the average misorientions (θ av ) of these dislocation boundaries rapidly rise with deformation, finally leading to development of a new grained structure. This phenomena is also called as CDRX. 25, 26) In this case the θ av increase from zero to a saturation value of [25] [26] [27] [28] [29] [30] • in severe large strain (e.g. ε = 10 4 -10 5 %). 25) In contrast, CDRX operating at around strains below 10 2 to 10 3 % under hot deformation is not the same as that under low temperature large strain deformation. Figure 13 shows strain dependence of the θ av for (sub)grain boundaries obtained from Fig. 6 for the present 7075 Al alloy. Here the θ av starts to increase rapidly from about 27.5
• just before deformation, rises at a steady rate against strain at strains of above 160%, and approaches to around 40
• in high strain. This θ av − ε behavior for the unrecrystallized 7075 Al alloy can be caused by the following reasons; high density layered HABs developed by prior cold-rolling exist stably before deformation and GBS takes place frequently on these HABs, leading to rapid increase in θ av during early deformation at T > 0.5T m .
Conclusions
New grain evolution as well as superplasticity was studied in a prior cold-rolled 7075 Al alloy with an unrecrystallized pancaked grain structure and the main results obtained are summarized as follows.
(1) Strain rate dependence of flow stress (and total elongation to fracture) is sensitively changed in the three regions of strain rate and affected by prior cold-rolling reduction. Typical superplasticity takes place in the region of medium strain rate.
(2) Prior cold-rolling develops a layered, pancaked grain structure and so brings about high density layered high-angle grain boundaries per uint volume. Such pancaked grain structures are an important prerequisition not only for dynamic evolution of new grains, but also for the appearance of superplasticity.
(3) Grain boundary sliding (GBS) takes place at some portions of original layered grain boundaries, leading to rotation of subgrains just beside the latters at early stages of deformation. Subsequently GBS can operate even at the (sub)grain boundaries with medium to high angle misorientions evolved near grain boundaries. These processes takes place repeatedly in the whole matrices, finally leading to full evolution of a fine grain structure.
(4) It is concluded that dynamic evolution of fine grains as well as superplasticity in the unrecrystallized 7075 aluminum alloy can be controlled manly by GBS and so the structural mechanism is a deformation-induced continuous reaction, that is continuous dynamic recrystallization.
